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Acronyms and
Abbreviations

BER
bit error rate

BLAM
Binary Logarithmic Access
Method

CRC
cyclic redundancy check

CSMA/CD
Carrier Sense Multiple
Access/Collision Detection

FCFS
first come, first served

IEEE
Institute of Electrical and
Electronics Engineers

IPG
inter-packet gap

LAN
local area network

MAC
Media Access Control

NIC
network interface card

PE-MAC
PACE technology-enabled
MAC

PLR
packet loss rate

PACE Technology

The Realization of Multimedia-
Enabled Ethernet

While Ethernet is the most commonly used LAN
scheme, it has some shortcomings for supporting
real-time and/or multimedia traffic. In particu-
lar, due to the “capture effect,” it cannot support
audio/video traffic in the presence of bursty data
traffic even when the network utilization is fairly
low (i.e., 10 to 15 percent).

In this paper, we introduce PACE™ technol-
ogy, which provides a low-cost, backward-com-
patible adaptation of Ethernet to support real-
time and/or multimedia applications. We first
describe the PACE technology for dedicated,
switched networks, and show some measurement
results that indicate that PACE technology can
indeed successfully support real-time multimedia
applications. We then introduce a generalization
of the PACE algorithm, which makes PACE
applicable for shared LAN segments by replacing
the standard Ethernet repeater with a “PACE
Repeater,” while not requiring any changes in the
end-station network software, network interface,
or wiring. By means of computer simulation, we
show that PACE Repeater also provides a signifi-
cant improvement over standard Ethernet when
supporting multimedia traffic.

Introduction

The availability of increasingly powerful mul-
timedia personal computers interconnected by
local area networks (LANS) has led to many
new distributed multimedia applications.
Examples of such applications include desktop
video and data conferencing, Internet tele-
phony, distance learning, telemedicine, and
telescience. Many of those applications involve
transmission of audio and video traffic, which
has characteristics and requirements that are
different from those of traditional data traffic.
In particular, due to the high data volume,
and in some cases due to the interactivity
requirements, the audio and video traffic has
to be sent in a streamed fashion and played
back at the receiver in real time. Therefore, in
order to maintain the continuity of playback,

data generated at the sender must be delivered
to the receiver within a bounded time. Any
data delayed more than that time is useless,
and considered to be lost. Such loss of infor-
mation leads to quality degradation in
received audio and video, and therefore must
be kept as low as practically possible.

Today, the most popular local area net-
work type is Ethernet [1] (in both 10 Mbps
and 100 Mbps forms), which has not been
designed to support streaming multimedia
applications. The Carrier Sense Multiple
Access with Collision Detection (CSMA/CD)
media access control (MAC) protocol used in
Ethernet does not guarantee bounded delays,
and behaves poorly under heavy load condi-
tions, leading to excessive latency and delay
jitters, as well as packet loss due to excessive
collisions. Nevertheless, a number of studies
have shown that as long as the traffic in the
network consists only of audio and video
streams (or similarly well-behaved, non-bursty
data traffic), a good deal of network capacity
can be utilized while providing good support
for the audio/video streams (i.e., 30 to 50 per-
cent for audio, 50 to 70 percent for video,
depending on various parameters such as the
delay and loss constraints, etc.) [2-5]. There-
fore, such well-behaved traffic can be sup-
ported by providing sufficient bandwidth by
means of segmenting the network using Eth-
ernet switches and/or by deploying Fast Ether-
net, and by the appropriate deployment of the
end stations so that the network utilization in
every segment remains below the above-men-
tioned limits.

However, Ethernet has another, more seri-
ous limitation: it cannot distinguish between
different traffic types to allow expedited deliv-
ery of audio/video streams. Indeed, it has been
shown that when bursty data traffic is present
in the network (with a burst size as small as 10
KB), even when the total network utilization
is as little as 10 to 15 percent, the audio/video
performance is severely degraded [5]. This is
in particular due to the well-known “capture
effect” inherent in the CSMA/CD protocol
with the binary exponential backoff algorithm
that is used in the Ethernet [6]. Considering
that network traffic is often bidirectional, with



a mix of high-bandwidth audio/video streams
and bursty client-server transfers, it is clear
that bandwidth availability alone is not suffi-
cient to support multimedia traffic. Indeed, in
the presence of bursty data traffic, even dedi-
cating a switch port for every end station is
not sufficient to adequately support real-time
audio/video traffic. Therefore, the detrimental
effect of bursty data traffic on audio/video
streams must be circumvented by using a
media access control protocol that is less sensi-
tive to traffic burstiness, and by providing a
mechanism to distinguish between different
traffic types.

Over the past decade, a number of
attempts have been made to modify the binary
exponential backoff algorithm [7], [8] or
employ some additional access control [9-13]
to enable the Ethernet for real-time and/or
multimedia traffic. Most of these efforts have
focused on improving the performance of the
shared environment. None have resulted in
commercial products. Most notable among
those is Binary Logarithmic Access Method
(BLAM) [8], which has been considered for
standardization by IEEE 802.3w. The idea
behind BLAM is to provide a backoff mecha-
nism that does not result in as high a delay
variance as the binary exponential backoff
algorithm. An important advantage of this
scheme is that BLAM-enabled end stations
can coexist with standard 802.3 Ethernet sta-
tions on the same LAN segment. However,
since the backoff mechanism is implemented
in hardware in the network interface cards
(NICs), every BLAM-enabled station must be
deployed with a new NIC.

The fundamental difficulty in this field of
research is the unpredictable nature of a
shared segment where a large number of dif-
fering traffic scenarios must be accommo-
dated. In addition, the new mechanism must
be backward compatible with the existing
nodes that are still running standard binary
exponential backoff algorithm to facilitate a
practical migration process. Verifying that a
new mechanism is backward compatible, that
it offers predictable and yet acceptable packet
delay and jitter under all circumstances yet
imposes minimal overhead so as to maintain

the throughput performance, is indeed a
daunting task.

In this paper, we present PACE technol-
ogy, which addresses this problem. Unlike
prior schemes that have been proposed, our
main design principle has been to ensure that
no changes are required in the end-station
NICs, software, or wiring, thus maximizing
backwards-compatibility.

We first discuss the original PACE tech-
nology that was devised for a switched Ether-
net environment with one station connected
to any given switch port. It consists of two
parts: PACE Interactive Access and PACE
Implicit Class of Service. The first part, PACE
Interactive Access, is a modification of the
Ethernet binary exponential backoff algorithm
at the switch port. PACE Interactive Access
provides significantly lower access delay and
jitter as compared to the regular Ethernet
MAC, as we demonstrate by some traffic mea-
surements. Furthermore, it is fully compatible
with the standard Ethernet MAC protocol at
the end stations; therefore, it does not require
any changes in the end stations. The second
part of the PACE technology, PACE Implicit
Class of Service, allows delay sensitive traffic
to be given higher priority than other traffic
in a practical and cost-effective manner. PACE
Implicit Class of Service is not covered in this
paper-.

We then introduce a generalization of the
PACE Interactive Access technology for the
case of a shared LAN segment with multiple
end stations, referred to as PACE Repeater.
We provide computer simulation results com-
paring the performance of PACE Repeater
with regular Ethernet.

PACE Interactive Access

Recognizing the trend toward switching,
PACE Interactive Access was developed as a
complementary technology to enable switched
Ethernet LANS for real-time and/or multime-
dia traffic [14]. By taking advantage of the fact
that only two stations are on any connection
(end station and switch), the switch can be
tuned to control the link and guarantee alter-
nate transmissions from itself and the end
station. Thus, both jitter and latency are

* PACE Implicit CoS was designed to fill in a void until a standard Layer 2 CoS mechanism was devised. With the advent of IEEE 802.1p CoS, it is no longer needed.




bounded well within the limits necessary to
support real-time and streaming applications.
Additionally, since the PACE Interactive
Access algorithm is designed to work with end
stations with standard Ethernet NICs, only
the MAC silicon in the switch needs to be
upgraded. This backward interoperability with
existing Ethernet NICs provides the least
expensive and most straightforward migration
path to enable any Ethernet LAN for net-
worked multimedia applications.

The next section describes the PACE
Interactive Access algorithm and gives some
measurement results for a 10 Mbps network;
showing that the PACE Interactive Access
algorithm indeed achieves lower latency and
jitter than regular Ethernet. We present results
for Fast Ethernet that are similar to those for
the 10 Mbps Ethernet, showing that PACE
Interactive Access scales well to 100 Mbps.

Description of PACE Interactive Access
PACE Interactive Access is a mode of opera-
tion where traffic is ordered by a PACE tech-
nology-enabled node to ensure that network
jitter and latency are kept to a minimum. Net-
work jitter and latency are combined into a
joint parameter known as access latency,
defined as the maximum time that a port will
take to either successfully transmit a packet or
discard it, as measured from the time the
packet is presented to the MAC for transmis-
sion. For “regular” Ethernet, this access
latency can be on the order of seconds (e.g.,
maximum backoff time for 16 collisions plus
time deferring to others using network). Pack-
ets with access latency in the order of 300 ms
can often be seen on regular Ethernet. To
allow multimedia applications to run over
Ethernet, PACE Interactive Access has been
designed to provide nominal access latency
bounded at a 5-10 ms range.

The PACE Interactive Access algorithm
works as follows [15]. The PACE technology-
enabled MAC (PE-MAC) keeps track of
whether or not it was the last port to transmit
successfully. When it receives a packet, the
PE-MAC moves into “Trying to Transmit”
state if it has a packet to send. The PE-MAC
will attempt to transmit a packet at the end of

the normal Ethernet inter-packet gap (IPG). If
a collision occurs during this transmission, it
retries transmission again at the end of
another IPG (i.e., backoff time is forced to
zero in this state). This aggressive retransmis-
sion attempt is repeated for up to
(attemptLimit - 1) consecutive collisions.
Then, if carrier sense is not detected, the PE-
MAC attempts transmission one last time
after waiting half a slot-time. If carrier sense is
detected at this point, however, no attempt is
made to transmit the packet and the packet is
discarded. The reason for performing the last
attempt in this manner is to guarantee that no
collision will occur (thus to ensure that access
latency is not increased) while increasing the
probability of successfully transmitting the
packet. After either transmitting or discarding
a packet upon reaching attemptLimit, the PE-
MAC moves into “Waiting to Receive” state.

In “Waiting to Receive” state, the PE-
MAC defers just long enough to allow the
node on the other end of the link a chance to
transmit a packet if it has one to send. The
backoff time is derived from the number of
collisions it has encountered in the previous
transmission. In particular, if no collisions are
experienced during the previous “Trying to
Transmit” state, there will be no extended
defer time. In that case, if there is another
packet to send, the PE-MAC will attempt to
transmit the next packet after the IPG has
expired. However, if there were collisions in
the previous “Trying to Transmit” state, an
extended deference guarantees that the other
node will come out of its backoff and transmit
its packet.

Upon the expiration of deference timer or
receipt of a packet in the “Waiting to Receive”
state, the PE-MAC moves back into “Trying
to Transmit” state. If the PE-MAC exits the
“Wiaiting to Receive” state without receiving a
packet, it will stay in “Trying to Transmit”
state and transmit packets separated by the
normal Ethernet IPG until a collision is seen.

Performance of PACE Interactive Access for
10 Mbps Link Speed

Table 1 shows the maximum access latency
and the statistical packet loss rate as a function



Table 1. PACE Interactive Access Mode Latency
and Packet Loss Rate Bounds

attemptLimitMax. Access Latency Packet Loss Rate

PLR of 0.24(10-6 (i.e., one packet in over
four million dropped). The bit error rate
(BER) is specified at no worse than 1 in
108 for 10BASE-T. Thus, the PLR due to

6 3.23 ms 0.002 E-3
7 4.83 ms 0.24 E-6
8 8.17 ms 1.86 E-9
9 14.80 ms 7.28 E-12
10 28.00 ms 1.42E-14
11 54.24 ms 1.39E-17
12 54.30 ms 6.78 E-21
13 54.37 ms 1.65E-24

of the attemptLimit. The access latency is
computed by adding the worst case collision
overhead while in “Trying to Transmit” state,
the worst case backoff of the IEEE 802.3
node while in “Wait to Receive” state, and
the transmission time of a maximum-length
packet. The packet loss rate (PLR) is com-
puted by calculating the probability of reach-
ing attemptLimit in “Trying to Transmit”
state (i.e. the probability of IEEE 802.3 node
picking 0 as backoff attemptLimit times in
a row).

A typical maximum attempt of seven for
multimedia applications would give an access
latency of around 4.8 ms and a maximum

bit errors can be as high as approximately 1
in 173,600 for minimum-size packets and
1in 8,500 for maximum size packets.
Compared to the worst-case PLR as a result
of bit errors, the PLR for a maximum of
seven attempts by the Interactive Access
algorithm is more than an order of magni-
tude less.
Table 2 shows the interleaving traffic
pattern when PACE Interactive Access is
enabled at the switch port. Table 3 on page 6
shows the traffic trace of the same link with-
out the benefit of PACE Interactive Access,
clearly demonstrating the capture effect.
Figure 1 on page 7 depicts the test config-
uration for throughput and packet loss under
link overload condition. Figures 2 and 3 on
page 7 show the throughput and the packet
loss test results respectively. The lower band-
width utilization of 64 byte packets on PACE
technology-enabled links reflects overhead
resulting from enforcing the interleaved
access. For real-world networks this is not an
issue, since on average the packet sizes are
greater than minimum packet size. The real

Table 2. Traffic Traces of a Switched Ethernet Link with PACE Interactive Access

Sniffer Network Anal yzer data from 1-Mar-95 at 14:55:10,file C \CAPTURE\ PACE. ENC, Page 1

Delta T Destination Sour ce
M 1 006008C00023 3Com ABOOEF
2 0.001 3Com ABCDEF 026008000123
& 0. 0013 006008C00023 3Com ABOOEF
4 0. 0012 3Com ABCDEF 026008C00123
5 0.0012 006008000023 3Com ABOOEF
6 0. 0012 3Com ABCDEF 026008C00123
7 0. 0013 006008C00023 3Com ABOOEF
8 0. 0003 3Com ABCDEF 026008000123
9 0. 0002 026008C00123 3Com ABCDEF
10 0. 0009 3Com ABOOEF 006008C00023
11 0.0012 006008000023 3Com ABOOEF
12 0. 0012 3Com ABOOEF 006008C00023
13 0. 0013 006008C00023 3Com ABOOEF
14 0. 0012 3Com ABOOEF 006008C00023

Summary
DSAP=3C,
NETB D=07 S=05 Data, 1468 bytes
DSAP=3C,
NETB D=07 S=05 Data, 1468 bytes
DSAP=3C,
NETB D=07 S=05 Data, 1464 bytes
DSAP=3C,
NETB D=07 S=05 Data ACK
NETB D=05 S=07 Data ACK

I frane

I frane

I frane

I frane

DSAP=3C, | frane
DSAP=3C, | frame
DSAP=3C, | frane
DSAP=3C, | frame
DSAP=3C, | frame




Table 2. Traffic Traces of a Switched Ethernet Link with PACE Interactive Access (cont.)
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Table 3. Traffic Traces of a Switched Ethernet Link Without PACE Interactive Access

Sni ffer Network Anal yzer data from 1-Mar-95 at 15:05: 04,
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. 0012
. 0012
. 0012
. 0012
. 0012
. 0012

0013

. 0012

0012

. 0012
. 0013

006008C00023
3Com ABOOEF
006008C00023
3Com ABCDEF
006008000023
3Com ABCDEF
006008C00023
3Com ABCDEF
006008C00023
3Com ABCDEF
006008000023

3Com ABOOEF
006008C00023
3Com ABOOEF
026008C00123
3Com ABOOEF
026008C00123
3Com ABOOEF
026008C00123
3Com ABOOEF
026008C00123
3Com ABOOEF

Delta T Desti nation Sour ce
006008000023 3Com ABOOEF
0. 0012 006008C00023 3Com ABOOEF
0. 0012 006008C00023 3Com ABOOEF
0. 0012 006008000023 3Com ABOOEF
0. 0012 006008C00023 3Com ABOOEF
0. 0012 006008C00023 3Com ABOOEF
0.0012 006008000023 3Com ABOOEF
0. 0013 006008C00023 3Com ABOOEF
0. 0013 006008C00023 3Com ABOOEF
0. 0005 026008000123 3Com ABCDEF
0. 0077 3Com ABOOEF 006008C00023
0. 0014 006008C00023 3Com ABOOEF
0. 0012 3Com ABOOEF 006008C00023
0. 0012 3Com ABOOEF 006008C00023
0. 0012 3Com ABOOEF 006008C00023
0. 0012 3Com ABOOEF 006008C00023
0. 0012 3Com ABOOEF 006008C00023
0. 0012 3Com ABOOEF 006008C00023
0. 0012 3Com ABOOEF 006008C00023
0. 0012 3Com ABOOEF 006008C00023
0. 0012 3Com ABOOEF 006008C00023
0. 0012 3Com ABOOEF 006008C00023
0. 0005 3Com ABCDEF 026008C00123
0.0012 3Com ABOOEF 006008000023
0. 0013 006008C00023 3Com ABOOEF

DSAP=3C,
DSAP=3C,
DSAP=3C,

NETB D=07 S=05 Dat a,

DSAP=3C,

NETB D=07 S=05 Dat a,

DSAP=3C,

NETB D=07 S=05 Dat a,

DSAP=3C,

NETB D=07 S=05 Dat a,

DSAP=3C,

frane

frane

frane

frane

frane

frane

frane

1468 bytes

1468 bytes

1468 bytes

1468 bytes

file C\CAPTURE\ ETH ENC, Page 1

Summar y

DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,

frame
frane
franme
frame
frane
frane
frane
frane

frane

NETB D=05 S=07 Data, 619 bytes

DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,
DSAP=3C,

frane
frane
franme
frane
frane
frane
frane
frane
frane
frane
frane

frane

NETB D=07 S=05 Data, 619 bytes

DSAP=3C,
DSAP=3C,

frane

frane



significant difference is seen in Figure 3, where
the PACE technology-enabled links experi-
enced no or very little packet loss even under
the most demanding traffic scenario.

Performance of PACE Interactive Access for
100 Mbps Link Speed

Figure 4 on page 8 depicts the effect of PACE
Interactive Access on a Fast Ethernet link.
This test was conducted using the NetBench
performance test software between 24 PC
clients (66 MHz 486s) on 10 Mbps Ethernet
ports and a server (90 MHz Pentium) on 100

SuperStack® Il Switch 1000

10 Mbps Ethernet link

Mbps Fast Ethernet port of the same Super-
Stack® Il Switch 1000. When PACE Interac-
tive Access is disabled on all of the ports on
the SuperStack 11 Switch 1000, the aggregate
throughput on the Fast Ethernet port is
similar to that of the reference switch (a
Grand Junction FastSwitch). When PACE
Interactive Access is enabled on all of the ports
on the same SuperStack 11 Switch 1000,
significantly higher aggregate throughput on
the Fast Ethernet link was attained much
more quickly and was maintained as the
message size increased.

SuperStack Il Switch 1000

DI{DI{DD

Ell:ll:l}ll:l/l:l

\ 4 Mbps traffic load on
each of the four

bhoodd

10 Mbps Ethernet links

SmartBits Traffic Generator

Figure 1. Performance Test Configuration
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Figure 4. Performance of PACE Interactive Access on Fast Ethernet Link

The test scenario described above paral-
lels that of a video-on-demand application.
What was not shown in Figure 4, but most
important to multimedia applications, is the
well-behaved jitters characteristics provided
by PACE Interactive Access. A recent test at
the University of Alberta on a similar setup
using a real-time video distribution applica-
tion verifies the projected delay and jitters
control characteristics of PACE Interactive
Access [16]. These tests clearly show that
PACE Interactive Access scales well to the
100 Mbps link speed.

PACE Repeater

While the trend toward switched networks is
quite evident, shared LAN segments still have
their uses due to their lower cost, particularly
in small business and home office environ-
ments. Therefore, it is important to provide a
low-cost shared LAN technology that can sup-
port multimedia applications in a manner
compatible with existing Ethernet NICs and
wiring. To accomplish this, we have extended
the PACE algorithm in the form of PACE
Repeater [17]. In this section, we describe
how the PACE Repeater algorithm works. We
evaluate the performance of PACE Repeater
when there are only video streams in the net-
work and show that significantly more
throughput can be achieved as compared to
regular Ethernet while meeting the end-to-end
delay and loss requirements of video
traffic.We consider the performance of PACE
Repeater when the network traffic consists of
bursty data traffic. For this scenario, too, we
show that PACE Repeater outperforms
Ethernet as long as the packet size is not very

small and the network load is not very high.
We also examine the most challenging traffic
scenario, video in the presence of bursty data
traffic. We show that PACE Repeater can sup-
port video traffic in the presence of bursty
data traffic far more efficiently as compared to
regular Ethernet. Finally, we examine the scal-
ability of PACE Repeater for networks with a
large number of active stations, and show that
PACE Repeater works well even when the
number of active ports is on the order of
several tens.

Description of the PACE Repeater Algorithm
In 10BASE-T and 100BASE-T Ethernets, end
stations are connected through a multiport
repeater, also referred to as a hub, using
unshielded twisted pair wires as shown in Fig-
ure 5. The repeater’s function is simply to for-
ward the electrical signals received on any port
to all other ports. Collisions are detected by
the end stations when carrier is detected on
the incoming direction while the end station
is transmitting a packet.

10BASE-T or 100BASE-T repeater

Figure 5. A 10BASE-T or 100BASE-T Ethernet
Segment



The PACE Repeater algorithm is based
on the idea that the repeater has information
about all the stations attempting to transmit
packets at a given time, and therefore it can
detect collisions and more efficiently resolve
them in a centralized manner. The end sta-
tions implement the standard 802.3
CSMA/CD protocol without any changes.

When a collision is detected, PACE
Repeater selects one of the active stations as
the winner. After the end stations go through
their backoff period, one of the following
three outcomes may occur:

1. The winner station selects a time slot
that is earlier than all others; in that case, no
collisions would occur and the other stations
defer to the winner station until it transmits
its packet, just like in regular Ethernet.

2. The winner station and one or more
of the other stations select a time slot that is
earlier than all others. In that case, the
repeater does not forward the other stations’
signals to the winner port. The winner station
is able to continue transmitting its packet,
which gets buffered by the repeater. At the
same time, the repeater tries to aggressively
push the winner packet through the network
by repeatedly attempting to transmit it, back-
ing off in case of a collision only by the Ether-
net IPG time, just like in the case of switched
PACE Interactive Access algorithm.

3. One or more of the stations may pick
a time slot earlier than the one that the winner
station picks; in this case, the repeater simply
generates artificial collisions to prevent those
stations from successfully transmitting their
packet until the selected winner station starts
transmitting its packet.

For the second and third outcomes, the
winner station is likely to transfer its entire
packet into the repeater before the repeater
completes sending it to the other end stations.
In that case, whenever the repeater receives a
complete packet from the winner, it sends a
preamble signal on the winner port to prevent
the winner station from starting to send a sec-
ond packet.

The repeater can select the winner station
according to various different algorithms, the
criteria being fairness among the stations, low

latency and jitters, high throughput, etc. One
possibility is to have a round-robin scheme
among the stations that have packets to trans-
mit. This prevents the capture effect and pro-
vides fair access to the network. Another pos-
sibility is first come, first served (FCFS)
selection, where during a collision the repeater
chooses as winner the first port where carrier
is detected, with the exception of the port that
has transmitted the previous successful packet
(to prevent capture).

Performance of PACE Repeater for Video
Traffic Alone

We performed computer simulations to mea-
sure the performance of PACE Repeater. In
the experiments described in this subsection,
we used real video traffic generated by encod-
ing one minute of a motion picture (Star Trek
V1) using H.261, and controlling the encoder
according to constant bit rate buffer-based
feedback to achieve a bit rate of 1.536 Mbps
[18]. The video streams were packetized using
full-size Ethernet packets. We simulated three
to six video streams being sent on a 10BASE-
T segment (for both regular Ethernet and
PACE Repeater), corresponding to a total
offered traffic rate from about 4.5 to 9 Mbps.
We computed the delay that each packet expe-
rienced due to the sum of packet formation
(i.e., the time it takes for the encoder to gener-
ate sufficient number of bits to fill a packet),
queuing, network access, transmission, and
propagation. (The end-to-end system model
we have used is identical to the one presented
in [5].) We show here the results for the
round-robin selection of the winner for PACE
Repeater, but the results are nearly identical
for FCFS as well.

Figure 6 on page 10 shows the resulting
average delay as a function of the number of
video streams on the network. For up to five
video streams and for both standard Ethernet
and PACE Repeater, the network delay is neg-
ligible and the dominant delay component is
due to the packet formation time (which is
around 7 to 8 ms). However, when six video
streams are sent over the network, the average
delay for PACE Repeater still remains the
same, while the average delay for standard




Ethernet becomes very large. Similarly, the

standard deviation of delay (shown in Figure
7) is about the same for the two networks for
up to five video streams, but it becomes very
large for standard Ethernet when six streams
are sent over the network. This suggests that
PACE Repeater can achieve a significantly

higher throughput than regular Ethernet while
keeping delay and jitter at low levels.

For video traffic, the average and standard
deviation of delay are not sufficient to mea-
sure the performance; since packets exceeding
a certain delay value are useless, one has to
consider the tail distribution of delay as well.

Figure 8 shows the ratio of
packets exceeding a given maxi-

0.3

0.25

— mum delay constraint (and
hence considered lost) as a

0.2

function of the delay constraint
value when there are five video
streams on the network. Even

0O Regular Ethernet
B PACE Repeater

0.15

though for five video streams
the average and standard devia-
tion of the delay values are very

Average Delay(s)

close for the two types of net-
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particularly when the delay constraint is
greater than about 30 ms.

Performance of PACE Repeater for Data
Traffic Alone

This subsection presents simulation results
when the network carries data traffic gener-
ated according to a simple two-parameter
model that captures the burstiness and total
data load. The model consists of fixed-size
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messages generated with a uniform inter-
arrival time. If a message is greater than the
full-size Ethernet packet (i.e., 1500 bytes), it is
divided into as many full-size packets as
needed, and those packets are queued as a
bulk arrival for transmission. We have fixed
the number of active stations at five, with the
traffic divided equally among them. We have
measured the packet delay due to the sum of
queuing, network access, transmission, and
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propagation delays. Both round robin and
FCFS selection methods for PACE Repeater
were considered.

Figure 10 shows average packet delay as a
function of the data message size, both for reg-
ular Ethernet and for PACE Repeater for a
total data load of 7 Mbps. It is interesting to
note that the dominant component of the
delay for PACE Repeater is due to transmis-
sion time and queuing of the packets (the lat-
ter increasing linearly as the message size

increases, due to the transmission time of the
packets queued in front of a given packet). By
contrast, standard Ethernet has an extra com-
ponent of delay due to the capture effect and
the associated access overhead, which starts
taking place as soon as there are more than
one or two packets per message.

A similar result is observed for the stan-
dard deviation of delay as well, as shown in
Figure 11. This indicates that PACE Repeater
helps reduce the access time not only for the
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well-behaved audio/video streams, but also for
bursty data transmissions such as file transfers,
Web access, file server access, etc. It is also
interesting to note that the performance of
round-robin and FCFS schemes are quite
similar.

As a benchmark test similar to the one
discussed earlier for PACE Interactive Access,
we have simulated the network for very small
packets. We have chosen the payload size to be
46 bytes (with 18 bytes of MAC header and
CRC, this corresponds to the smallest possible
Ethernet packet), and simulated the network
with five active stations. Figure 12 shows the
ratio of packets exceeding a given delay
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constraint as a function of the delay for such
a scenario.

In part (a), for a total data load equal to
3.5 Mbps, it is interesting to note that the
regular Ethernet outperforms PACE Repeater
with FCFS selection, but is not as good as
PACE Repeater with round-robin selection.
This is because round-robin selection allows
fair access to all ports, while FCFS may at
times favor some stations over others.

In part (b), for a total data load equal to
4 Mbps (not including the headers), one can
see that standard Ethernet outperforms even
round-robin PACE Repeater when the data
load is increased to 4 Mbps. The reason is

Total data load=3.5 Mbps
5 active ports

0.0001

Ratio of Packets

1e-005

1e-006

1e-007

PACE Repeater, round robin

(a) Total Data Load = 3.5 Mbps

0.5 1

Delay (s)

Total data load=4.0 Mbps
5 active ports

1-\
=3
— *s
R PACE Repeater,
= M round robin
& 0.1 = ‘\
() — AN
‘T/) .
= A Y
& = .
Y —
o 0.001 [~ .
2 L .
& = S
B s, Ethernet
0.0001 = i ———
B | | | |
0 0.5 1
Delay (s)

(b) Total Data Load = 4 Mbps

Figure 12. Benchmark Tests with Minimum-Size Packets




similar to that explained in the section on
Interactive Access (i.e., interleaving the net-
work access for very small packets introduces a
high overhead). Of course, the condition of a
high traffic load comprised mainly of very
small packets is not a very realistic one. For
the more realistic scenarios of either a high
load comprised of large packets, or a low load
comprised of small packets, we find that
PACE Repeater outperforms Ethernet.

Performance of PACE Repeater for
Integrated Video and Data Services
Considering the performance results for video
alone and data alone, one would expect that
PACE Repeater should support video well
when the two traffic types are mixed together,
and this is confirmed by simulation results. As
an example, Figure 13 plots the ratio of pack-
ets exceeding a given delay constraint as a
function of the delay constraint for one video
source generating 1.536 Mbps of traffic, in
the presence of three data sources generating a
total of 5.4 Mbps of traffic with a message size
of 10 KB.

Figure 13 clearly shows that standard Eth-
ernet suffers heavily under such a traffic sce-
nario, losing around 0.1 percent of video
packets even for very large delay constraints
such as 400 ms. By contrast, PACE Repeater
(in both varieties) performs very well, incur-
ring negligible packet loss beyond a delay con-
straint of 100 ms.

PACE Repeater Scalability

For a given traffic load, it is well known that
the performance of CSMA/CD decreases as
the number of stations generating the traffic is
increased. The reason is that at a given time,
the probability of finding more than one sta-
tion trying to transmit and colliding is higher
for a greater number of active nodes. This is
especially true at relatively high loads, where
momentary backlogs can occur, increasing the
likelihood that multiple deferring stations will
collide at the end of a packet transmission.

One logically expects the performance to
decrease as the number of active ports is
increased for PACE Repeater as well. We con-
ducted simulations to quantify this effect. In
particular, we simulated the standard Ethernet
and PACE Repeater for 5 and 25 active ports,
using the same two-parameter data traffic
model described previously. The data message
size was set to be equal to 1500 bytes, and
both round-robin and FCFS selection algo-
rithms were considered.

Figure 14 shows the average delay as a
function of the data load. It can be clearly
seen that the average delay for Ethernet is sig-
nificantly greater for 25 ports than for 5 ports.
For PACE Repeater there is still some differ-
ence between 5 and 25 port scenarios, but it is
not as pronounced.

Figure 15 shows the standard deviation of
delay as a function of the data load for the
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Figure 13. Video Delay Distribution in the Presence of Bursty Data Traffic



same scenario. Here, the situation is somewhat
different. The difference in standard deviation
between 5 and 25 ports for PACE Repeater is
around the same order of magnitude as that of
the standard Ethernet. Nevertheless, it is sig-
nificant to note that, as far as both average
and standard deviation of delay are concerned,
the performance of PACE Repeater does not
decrease very much from 5 to 25 ports. In
both cases, PACE Repeater remains signifi-

- Ethernet
5 ports

cantly better than the performance of standard
Ethernet.

Further simulation at 100 ports verified
that the performance of PACE Repeater
remains good even for such a large number
of ports. Similar test cases for 100 Mbps link
speeds with 50 and 100 active ports again
confirmed the same performance scaling
characteristics.
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Conclusion

This paper introduced PACE Interactive
Access technology for switched Ethernets, as
well as a generalization of the PACE Interac-
tive Access algorithm for a shared LAN seg-
ment, PACE Repeater. Both have been
devised as enhancements to the Ethernet
MAC protocol with the goal of supporting
real-time multimedia traffic.

Bench tests demonstrated the ability of
the PACE Interactive Access scheme to pro-
vide significantly improved throughput,
latency, jitter, and packet loss characteristics as
compared to the standard Ethernet. Computer
simulations showed that PACE Repeater can
successfully support multimedia traffic,
including mixtures of video and bursty data
traffic, and is scalable to large shared seg-
ments, with the number of active ports on the
order of several tens. These results are in con-
trast with the standard Ethernet, where the
video streams break down in the presence of
bursty data traffic even under light to moder-
ate network utilization.

As enterprises migrate from shared to
switched network infrastructures, the migra-
tion of desktops to full-duplex Ethernet and
Fast Ethernet will occur at a significantly
slower rate. PACE technology-enabled work-
group switches satisfy the pent-up demand for
real-time, networked multimedia applications
by allowing the deployment of such applica-
tions to desktops over existing half-duplex
links.

Today there is rapid growth of Ethernet-
connected PCs in small offices. The conver-
gence of computers and consumer electronics
will drive similar adoptions within homes in
the near future. Various types of real-time
multimedia applications, such as IP telephony
and multi-party games, will join current main-
stream applications within these environ-
ments. PACE Repeater-enabled Ethernet and
Fast Ethernet hubs offer a low-cost multime-
dia networking alternative suitable for small
offices and homes. OO
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